Abstract With respect to the significance of improving hybrid corn performance under stress, this experiment was conducted at the Islamic Azad University, Arak Branch, Iran. A complete randomized block design with three levels of irrigations (at 100%, 75% and 50% crop water requirement), two levels of arbuscular mycorrhizal (AM) fungi (Glumus intraradisis) (including control), and three levels of zinc (Zn) sulfate (0, 25 and 45 kg ha −1 ), was performed. Results of the 2-year experiments indicated that irrigation treatment significantly affected corn yield and its components at P=1%. AM fungi and increasing Zn levels also resulted in similar effects on corn growth and production. Although AM fungi did not significantly affect corn growth at the non-stressed irrigation treatment, at moderate drought stress AM fungi significantly enhanced corn quality and yield relative to the control treatment. The combined effects of AM fungi and Zn sulfate at 45 kg ha
Introduction
Plants are generally subjected to different stresses during their growth period (Bray 1997) . Drought is one of the most important abiotic stresses affecting plant growth and yield (Cheong et al. 2003) . Drought stress in general has undesirable effects on growth and production of crop plants (Xiong et al. 2002) . Drought stress causes damage to cell membrane and photosynthetic system. Moreover, plant root and shoot are damaged by drought stress, decreasing leaf surface area (Hopkins and Huner 2004) .
Water is much necessary for plant growth and production because of its important functioning in plant including solubilization and hence uptake of nutrients and their movement in the plant, plant transpiration, and creating the necessary pressure for the growth and development of plant cells. Hence, under drought stress plant activities such as photosynthesis, activities of nitrate reducing and hydrolyzing enzymes (like amylase) decrease, which eventually reduce plant growth and production (Munns 2002) .
Plant morphological and biochemical responses to drought stress vary with stress intensity. Corn cellular development decreases under moderate to medium drought stress, which eventually reduces plant growth (Laffitte and Edmeades 1995) . Lam (2004) showed that corn can be planted using minimum level of irrigation water. Nonetheless, under such conditions corn yield and some of its qualitative characters may be adversely affected.
Many researchers have indicated that arbuscular mycorrhizal (AM) fungi are capable of alleviating the unfavorable effects of drought on plant growth (Auge 2001; Miransari 2010) . Symbiotic relationship between AM fungi and a variety of plants produces colonies on the exterior part of root system resulting in the enhanced uptake of water and nutrients by the plant roots. Such characters improve plant performance under drought stress, which is believed to be in part related to the increased absorption of water and some nutrients such as zinc (Zn) and copper (Cu). Improved plant variables may include leaf height, leaf water turgidity, stomatal activities, and root growth and development (Ghazi and Zak 2003) . AM fungi perform as the enhancer of plant-water relationship through increasing soil hydraulic conductivity, transpiration ratio and decreasing stomatal resistance by adjusting plant hormonal balance. This chain of improvements enhances plants phosphorous (P) nutrition introduced by AM fungi activities under drought conditions (Elwan 2001) .
Higher green leaf surface was observed in mycorrhizal corn subjected to drought stress relative to non-mycorrhizal corn. Such symbiosis resulted in the highest plant height with a 23% increase compared to the control treatment . One of the most common nutritional obstacles for the production of cultivated and orchard plants is Zn deficient soils (Ramazanzadeh et al. 2007 ). Zn as a metallic element acts as activator for some enzymes. Zn is attached to some plant enzymes such as dehydrogenase, super oxide dismutase (SOD), carbonic anhydrase and RNA polymerase, and in addition plays a role in the activity of enzymes such as dehydrogenase, aldolist, isomerase, transphorylase and DNA polymerase. SOD is an enzyme, found in the cellular chloroplast having Cu and Zn in its structure. This enzyme plays an important role in neutralizing the effect of oxygen free radicals produced during drought stress on plant growth. The protecting role of Zn in maintaining the healthy status of membranes and enhanced plant resistance to diseases has been proved. In addition, Zn regulates auxin (indole acetic acid) level and hence plant growth. Therefore, Zn deficient soils can adversely influence plant growth. Zn deficiency has detrimental effects on male organogenesis and anthesis, and consequently decreases crop yield. Marschner (1993) stated that application of zinc and iron enhanced corn total carbohydrate and protein, resulting in increased grain weight and number, and hence crop yield.
The interaction effects between P and Zn in plant can adversely affect their uptake. This is especially important in AM symbiosis as one of the most important effects of AM on plant growth is through the enhanced uptake of nutrients such as P and Zn. Hence, application of Zn may also interfere with the uptake of P by mycorrhizal plants, in addition to the alleviating effects of Zn on plant growth under drought stress through affecting the activities of antioxidant enzymes. Accordingly, the effect of Zn was also tested in this experiment to evaluate how the combined effects of Zn and AM fungi can influence the effects of drought stress on corn growth.
Since there is little data related to the combined effects of AM fungi and Zn application on corn growth and yield under drought stress, these experiments were conducted with the following objectives: 1) to determine the effects of drought stress on corn growth and yield, and 2) to test the hypothesis that the combined effects of AM fungi and Zn can improve the alleviating effects of AM fungi on corn growth and yield under drought stress.
Materials and methods
A 2-year experiment was performed in 2006 and 2007 at the research farm of Islamic Azad University Arak-Branch, Iran. Before sowing, composite soil samples were collected from the 0-30 and 30-60-cm depths and their physical and chemical properties tested. Soil texture was determined using the hydrometry method (Gee and Bauder 1986). pH of a saturated paste (Rhoades 1982) , organic carbon (wet oxidation method, Nelson and Sommers 1982) , total nitrogen (Kjeldahl method, Nelson and Sommers 1973) , available phosphorus (sodium bicarbonate extraction method, Olsen 1954) , and potassium (flame photometer method, emission spectrophotometry, Knudsen et al. 1982) , iron and manganese (Diethyenetriaminepentaacetic acid (DTPA) method, Baker and Amachar 1982, using atomic absorption spectrometer, Model Perkin Elmer 3110) were also determined (Table 1) .
The experiment was a factorial, on the basis of a complete randomized block design with three replications. Drought stress treatment including control, irrigation at 75% and 50% of corn water requirement was applied during the period of the four-leaf stage to the end of growth period. Crop water requirement was determined using the evaporation basin on a daily basis. The field was irrigated using polyethylene tubes and the amounts of water to plots were controlled by contour. Zn was applied at three levels of 0, 25 and 45 kg ha −1 using zinc sulfate, applied at sowing as strip, 5 cm underneath and beside the seeds. Seeds were also inoculated with AM species Glomus intraradices at 250-300 active propogules at sowing. The seeds of corn cultivar KSC 704 were first sprayed using sugar solution and then inoculated with the powder containing mycorrhizal propogules.
The mycorrhizal inoculum was produced over a 4-month period on sorghum roots under greenhouse conditions using sterilized sand (Miransari et al. 2007 (Miransari et al. , 2008 . During the inoculum production, plants were supplied with their nutrient requirements and were irrigated until flowering. After 2 weeks plant shoots were harvested from the soil surface and the mixture of plant roots and sand were used as the inoculum. The inoculation potential of the AM isolate was tested using the Most Probable Number (MPN) method (Feldman and Idczak 1992; Mahaveer et al. 2000; Daei et al. 2009 ). Using sterilized sand, AM concentrations of 0.1, 0.01, and 0.001 were produced for the 1-month plantation of sorghum plants. The plants were then harvested and the inoculation percentage on the sorghum roots was determined (Mahaveer et al. 2000) . Root colonization was determined using the lateral root technique (Read et al. 1976) . After preparing the roots, they were put under pressure. Roots were stained with trypan blue. The stained roots with the length of almost 1 cm were used for the determination of root colonization (Giovannetti and Mosse 1980) .
The hybrid corn specifications are as follows. It is a late maturity, single cob hybrid, with the American parents of B73 and MO17, which have come to Iran from former Yugoslavia in 1980. According to FAO's classification its growth stage is between 130 to 140 days. This hybrid is amongst the newest ones and is used both for grain and forage production. Its yield ranges from 6000 to 9000 kg ha −1
. The mature plant has a height of 285 cm with 370 g weight for 1000 seeds. It is relatively tolerant to drought stress as well as fungal diseases. It can be planted at different parts of Iran with the exception of cold areas (Vahedi 1988) .
The experimental field was ploughed in fall and disked twice, perpendicularly in mid spring. Each plot included five rows, distanced at 60 cm and with 20 cm spacing between plants in rows. The length of each row was 8 m and two rows were left none cultivated between the adjacent plots. In both years seeds were cultivated on May 18th. According to soil testing the amounts of fertilization were determined including 400 kg ha potassium sulphate. One third of nitrogen (N) and all of phosphorous (P) fertilizers were applied at planting and the remaining N was broadcasted twice during the vegetative growth. In both years the final harvest was performed on October the 16th at the physiological maturity stage when a black layer could be seen at the base of the grain. At final harvest 10 plants were harvested from the middle of each plot and their agronomic characters were evaluated as mentioned in the "Results part". Data were subjected to analysis of variance using SAS (SAS Inc. 1988 ). Means were also compared using Duncan's Multiple Range test at P=0.05 (Steel and Torrie 1980) .
Results
According to the analysis of variance, year and drought and their interaction effects significantly affected corn parameters. Year, AM fungi, the interaction effect of year and AM fungi, irrigation and AM fungi and Zn significantly affected root colonization by AM fungi. Although the effects of AM on corn growth and yield were not significant, however its two way interaction with drought (P=0.05) and its three way interaction effect with drought and Zn (P=0.01) were significant on corn grain yield (Table 2) . Although there were not significant differences between irrigation levels on root colonization, AM inoculation significantly increased root colonization by two fold related to the un-inoculated plants. The highest amount of Zn also significantly increased root colonization by AM species, compared with the control level. Drought stress significantly decreased corn yield and its components. Similar to the AM treatment, application of Zn also numerically increased corn yield and its components (Table 3) .
Comparison of the two way interaction effects indicated that although AM did not affect corn grain yield and its components significantly under non-stressed conditions; it had a high impact on corn grain yield at different levels of stress. Zn addition numerically increased corn grain yield and its component at different levels of stress including the control treatment and could partially alleviate the unfavorable effects of drought stress on corn growth and production. AM inoculation at different irrigation levels and the combined effects of Zn and AM fungi significantly enhanced root colonization, however the effects of Zn on root colonization at different levels of irrigation was not significant. Although at the control level of AM fungi, Zn addition did not influence corn grain yield, the combined effect of AM and the highest level of Zn numerically increased corn grain yield, relative to the control treatment (Table 4) . Both in the absence and in the presence of AM fungi, the highest amount of Zn substantially increased corn growth and production, while the medium level of Zn did not affect such parameters. At the moderate level of drought the combined effects of AM fungi and the highest level of Zn significantly increased corn grain yield. With increasing the stress level, at the highest level of drought and in the absence of AM fungi, the highest level of Zn significantly increased corn grain yield, which has been previously indicated by the significant interaction effects between AM, drought and Zn. The highest level of Zn at the control level of mycorrhization (not-inoculated plants) significantly increased root colonization. This was also the case for Zn application at the medium and highest level of water stress for inoculated plants. The medium level of Zn, in the presence of AM fungi substantially increased corn grain yield at the highest level of drought (Tables 2 and 5 ).
Discussion
According to the analysis of variance, the effects of AM fungi on corn growth and production were not significant. However, the two and the three way significant interaction effects indicate that AM fungi can be more effective in alleviating the drought stress on corn growth when combined with Zn, which is also evident from the root colonization results. It can also be mentioned that AM effectiveness is dependent on the level of drought stress (Miransari 2010) and Zn concentration. Accordingly, the results indicate that AM fungi significantly increased corn grain yield at the moderate level of drought stress, relative to the control and the highest level of stress.
In addition, the combined effects of AM fungi and the highest amount of Zn resulted in significant increase in corn yield. Hence, it can be stated that although the single effects of the experimental treatments can affect corn grain yield under stress, however there are some favorable interactions, which can intensify such enhancing effects. Recognition and hence application of such combinations can improve plant growth and production under drought stress.
The positive effects of AM fungi on plant growth and production under different conditions are through extending plant host root system and hence increased water and nutrients uptake.
AM fungi develop an extensive network of hypha when in symbiosis with the host plant. This can significantly enhance the absorbing capacity of the host plant roots. It has also been indicated that AM fungi may behave more effectively with increased stress level (Miransari et al. 2007 (Miransari et al. , 2008 , which is somehow in accordance with the results of this experiment. AM fungi can substantially enhance the uptake of different nutrients under different conditions, because of their extensive network of hypha and production of different enzymes such as phosphatase, enhancing the solubility of nutrients including P and the less mobile micronutrients (Marschner and Dell 1994; Miransari et al. 2009a, b) . The alleviating effects of AM fungi on plant growth under drought in this research work are in agreement with the results of other researchers.
There is some sort of interaction between P and Zn in the plant. Extra application of either nutrient inhibits the uptake of the other one. This can be of significance as the results of Mean followed by the same letters in each column are not significantly different using Duncan's multiple rang test at P=5%.
EL ear length, ED ear diameter, EKW ear kernel weight, KRNE kernel row / ear, KNER kernel number/row, 1000KW thousand kernel weight, RC Root colonization, GY grain yield this experiment also test the combined effects of these nutrients on plant growth under stress. AM fungi are able to enhance plant P uptake, which can contribute to the production of energy in the plant. In addition P can also substantially increase root growth, which can improve plant growth under stress by enhancing water and nutrient uptake (Miransari et al. 2007 (Miransari et al. , 2008 (Miransari et al. , 2009a . When conditions are unfavorable to plant growth, for example under high level of drought stress, the host plant may not be able to develop a symbiosis with AM fungi, as the plant prefer to spend its energy to alleviate the stress rather than developing a symbiosis with AM fungi (Miransari et al. 2007 (Miransari et al. , 2008 . Zn is a necessary micronutrient for plant growth as it is involved in the structure of many plant enzymes including the antioxidant enzymes, which can help the plant to alleviate different stresses (for example by maintaining chloroplast and mitochondria membranes) through degrading different unfavorite oxidative radicals, produced under stress. Under drought the production of radical oxygen increases resulting in unfavorable effects on plant growth and production. The radicals of oxygen result in the peroxidation of cell membrane lipid. In addition, properties including the production of osmolytes and membrane stability can determine plant species resistance to drought stress (Moussa and Abdel Aziz 2008) . It may be speculated that the alleviating effects of Zn on drought through activating the antioxidant activities have resulted in a situation more ideal for root colonization by AM species. However, the stress by itself is also able to intensify the alleviating effects of AM species on the un-favorable effects of stress on plant growth and crop production (Miransari et al. 2007 (Miransari et al. , 2008 .
Zn is necessary for the production and activity of some antioxidants including malondiadehyde and superoxidase dismutase, necessary for the alleviation of drought adverse effects on plant growth (Wang and Jin 2007) . Hence, Zn has some impotent roles in plant systematic acquired resistance and can alleviate the effects of different stresses including pathogens on plant growth. This is somehow similar to some of the effects of AM fungi on plant growth under stress as AM fungi with its great abilities are able to enhance plant growth under stress and in the presence of pathogens (Song 2005) .
Different researchers have indicated that addition of micronutrients especially Zn can enhance corn grain yield (Brown et al. 1993; Marschner 1993; Yilmaz et al. 1997; Cakmak 2000; Wang and Jin 2007: Wang et al. 2009 ). Similar to AM fungi, Zn can also influence plant growth through influencing the balance of plant hormones including indole acetic acid (IAA) (Brown et al. 1993; Elwan 2001) . Under drought stress, AM fungi are able to decrease abscisic acid concentration and increase IAA and gibberellins concentrations (Liu et al. 2000) and hence alleviate the stress. Zn can also adjust cellular osmotic pressure under severe stress conditions. The synergistic effects of AM fungi and Zn can be attributed to the enhanced uptake of water and nutrients through AM hypha development.
Conclusion
It can be stated that with respect to the alleviating effects of AM fungi under moderate drought stress on corn grain yield, these fungi can enhance corn water efficiency under drought conditions and hence increase corn yield. In addition, the results indicate the important effects of Zn on corn growth and production under drought. The combined effects of AM fungi and Zn can intensify the alleviating effects of AM fungi on corn growth and production under drought stress.
